Heavy Elements in Exoplanets:
Planetesimal Accretion vs Pebble Accretion
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Exoplanets are Ubiquitous in Our Galaxy
New Kepler Planet Candidates

As of June 2017
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Background |: How do Planets form?
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The planet mass-
semimajor axis
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Background 2: How do Planets form?
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The planet radius
can be observed
=> the bulk densit

Bulk Composition
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Secondary Eclipse
See planet thermal radiation
disappear and reappear
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Primary Eclipse
Measure size of planet
See star's radiation
transmitted through the
planet atmosghere

Leam aboul atmospheric
circulation from thermal phase
curves

Figure by S. Seager

The atmosphere
can be observed
> the composition

Planet Mass

Thorngren et al 2016



Estimate of the heavy element mass in
observed exoplanets
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Target selection: relatively cool close-in exoplanets

Compute the radius evolution of planets,
by distribute heavy elements in cores and atmospheres



Results of Thorngren et al 2016
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Mz oc M) with v = 0.61 ~ 3/5
Z, My 1

7.~ M, 7. o« M¥ with a = —0.45 =~ —2/5

o X v — 1 => Mz and M, are almost independent of Z,

Mz : the total heavy element mass in planets with the mass of M),
Zs :the metallicity of the host star
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Planet Formation
‘ via Core Accretion:
Pollack et al 1996 | Accretion Of
' Gas and Solids

Jupiter
Oinie = 10 g/crn2

70 80 90

Mcare — 10M€B

M z increases at the final formation stage

R PE——
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Planet Formation
_ via Core Accretion:
Pollack et al 1996 | Accretion Of
' Gas and Solids
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My, =Mxy + Mz
MZ = Mcore T Mpl =+ Mpe - MZ,gas

dust in gas
Planetesimals Pebbles




Planet Mass (M
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Planet Mass (M)) MZ,gas = ZsMxy
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Gas Accretion 4104

Heavy-Element Ma

MZ = Mcore T Mpl =+ Mpe =] MZ,gas

Planetesimals Pebbles

R B .



MZ,gas — ZSMXY

Contribution arising from
gas accretion is negligible

Planet Mass (M)
1071 10°

Runaway gas accretion
occurred for planets
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Some mechanisms are
needed for postponing
My, =Mxy + Mz runaway gas accretion

MZ = Mcore T Mpl =+ Mpe 2R M-Z,qas

Planet Mass (Mg)

Planetesimals Pebbles
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Mlanet Mass (M) . M ore is determined by
disk parameters for
both planetesimal

& pebble accretion
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, Planet Mass (M) Meore is determined by
disk parameters for
both planetesimal

& pebble accretion
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The spatial distribution of
| planetesimals is the key,
% 4 which is determined by
' ' the gravitational interaction
with a protoplanet

\\‘Shiraishi & Ida 2008
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The spatial distribution of
planetesimals is the key,
which is determined by

the gravitational interaction
with a protoplanet

' Shiraishi & Ida 2008

" t=2300000y

Mg ~ M, M;/S with
no gap in planetesimal disks

-10 -8 6 4 -2 0 2 4 6 8 10 12 14

: My ~ My < M}'® with
M, = Mxy + My gaps in planetesimal disks

MZ — M-c;ore - Mpl In Mpe T M-Z,qas

Planetesimals Pebbles
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The spatial distribution of
10° planetesimals is the key,
which is determined by
the gravitational interaction
with a protoplanet
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The spatial distribution of
planetesimals is the key,

_ Planet Mass (M)

3 which is determined by
8 the gravitational interaction
< with a protoplanet
-
3 Mz ~ M, ]\41/3 with
T 10 no gap in planete5|mal disks
10° |
Planet Mass (M., ,
anet Mass MZ ~ Mpl - M§/5 with
M, = Mxy + M gaps in planetesimal disks
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Understanding of
pebble accretion
IS premature



Planet Mass (M
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Understanding of
pebble accretion
IS premature
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The total heavy elements are determined
by the final stage of planet formation

At the stage, solids are accreted onto planets
from gapped planetesimal disks




The total heavy elements are determined
by the final stage of planet formation

At the stage, solids are accreted onto planets

from gapped planetesimal disks
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Evolution of atmospheric metallicity can be explored,
comparing hot and warm Jupiters

Planetary cores might be fully dissolved into

their atmospheres for gas-poor sub-giants
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SU m mal‘y Hasegawa et al. 2018, submitted

Formation mechanisms of observed exoplanets are better
constrained, by taking into account planet mass,
orbital period, and planet composition

Observed warm Jupiters tend to have correlations:

A My 1
3/5 D snimic i —2/5
Mz x M Z.~ M, Z oc M
Our results indicate that the contribution (dust)

arising from gas accretion is negligible

Runaway gas accretion is postponed until A/, > 100Mg

Accretion of solids from gapped planetesimal disks can
reproduce the above trends better

We propose a classification of observed exoplanets



